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X-ray characterization of SnTe: Gd crystal
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Electron probe microanalyses were performed on SnTe crystal grown by the Bridgman method
doped with 1.8wt% Gd. Scanning electron microscopic observations and electron probe micro-
analysis carried out on the (1 10) and (100) oriented samples revealed two types of precipitate
enriched in gadolinium. It was suggested that the dominant type contained a mixture of Gd,Te,
phase and Te, ;Gd,, eutectic. The composition of the second precipitate type was found to be

a eutectic enriched with gadolinium.

1. Introduction

SnTe crystals belong to the cubic materials with an
average of five electrons per atom [1]. Their properties,
such as narrow band gap, ferroelectricity and thermo-
power, attract great interest from physicists. On the
other hand, ternary alloys of Sn, _ M _Te type, where
M is 3d or a rare earth element, are “magnetic diluted
semiconductors” [2]. They have been intensively inves-
tigated; it has been shown that manganese has a much
stronger effect on the magnetic properties of these
mixed crystals [3, 4] than do gadolinium and europium
[5-8]. In many cases only a little information is
available about the limit of solubility of the M element
in the SnTe matrix, the kind, amount and character-
ization of inclusions. Interpretation of the results
of the electrical and magnetic measurements needs
detailed knowledge of the real structure of crystals
and identification of eventual inclusions. Sometimes
doping of rare earths to the semiconducting com-
pounds involves the formation of precipitates enriched
with rare earth elements [9]. Therefore, a careful
examination was made of the sample composition
for SnTe:Gd crystal. The present paper aims to
discuss the most probable phase compositions of the
precipitates in this crystal.

2. Samples

99.999% pure tin and tellurium and 99.9% pure
gadolinium were the starting materials in the crystal
growth. First SnTe was synthesized and then SnTe,
gadolinium and tellurium were placed in a silica
glass ampoule with graphitized walls of 12mm inner
diameter and a conical tip. The crystal used for our
investigations consisted of 0.944g Gd, 1.149g Te,
which corresponds to stoichiometric Gd,Te;, and 50 g
SnTe. After evacuation to 107° torr the ampoule was
sealed and placed in a vertical furnace for 3d at
1100° C to homogenize the load, and then was lowered
to the cold end at a speed of 20mmd~'. The tem-
perature gradient at the crystallization surface was
50°Cem~'. The growth process finished at the
moment when the ampoule emerged from the furnace
and reached room temperature. After the process
slices were cut perpendicularly to the growth axis,
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lapped flat and polished with diamond paste. The
surfaces quasi-parallel to the (110) crystallographic
plane were exposed. A few samples were cleaved to
reveal the (100) planes.

3. Experimental procedure

The samples were exposed to an electron beam in the
JXA-50A electron probe microanalyser (EPMA). An
accelerating voltage of 25kV and a beam current
of 12nA were used. The depth of X-ray generation
was 2.1 uym. For the quantitative analysis of the
sample compositions, Johann spectrometers were
applied. A LiF analysing crystal (interplanar distance
d = 0.201 35nm) [10] for the GdLy, line and a PET
analysing crystal (d = 0.440nm) for the SnlLy; and
TelLx, lines were used. A ZAF correction procedure
was included during the quantitative aflalysis. For the
X-ray emission spectroscopic studies {XES) a step by
step registration of the Ly, spectrum (electronic
transition 5p to 2s) of tellurium, with a resolution
equal to 0.28 eV, was performed with the LiF crystal
spectrometer.

4. Results
Scanning electron microscopic observations carried
out on the (1 10) oriented surfaces revealed the grain
structure of the crystals and the regions containing a
large number of precipitates elongated in one crystal-
lographic direction within a given grain. These pre-
cipitates occurred in the samples starting from
the initial lower part of the crystal. The number of
precipitates decreases along the growth direction, the
upper part of the crystal being free of precipitates. The
direction mentioned was detected to be parallel to the
[100] crystallographic direction. These precipitates,
P1, consisted of gadolinium (Fig. 1a) and tellurium.
X-ray mapping did not reveal tin in these precipitates
(Fig. 1b). The width of these precipitates was <4 um.
Cleavage of a crystal made SEM observations for
the (1 00) oriented surfaces possible. A few individual
precipitates in the form of plates were found. These
precipitates contained gadolinium (Fig. 2a). The X-ray
map made by SEM does not show tin (Fig. 2b) but
revealed a small amount of tellurium (Fig. 2¢). Close
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Figure | X-ray maps of () gadolinium and (b) tin distributions on the (I 1 0) oriented surface of an SnTe: Gd sample,

to these precipitates, P2, precipitates of the PI type
were also observed (lower part of Fig. 2). The diameter
of the largest P1 precipitates reached 20 um and that
of the P2 type 40 um.

The size of the precipitates visible on the (110)
surfaces was comparable with the X-ray resolution.
Thus, quantitative analysis of their composition was
difficult because of the matrix composition influence.
Therefore, quantitative analysis of the chemical
composition of the precipitates of both types was
performed on the (100) oriented surfaces. It was
found that the composition of the P1 precipitates can
be expressed by the formula Gdg46SnggsTeges. For
the P2 precipitates the composition was ascertained to
be GdygseSnggs 18034 In the matrix the mean gado-
linium concentration was estimated to be 4.2(5)at %
(the sensitivity of the measurements is shown in paren-
theses). A value of 7.0at% was detected close to
the grain boundaries. For the matrix and grain
boundaries the concentration of tellurium was found
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to be 49.5at %. Values of 46.3 and 43.5at % for the
tin concentration were found in the matrix and at the
grain boundaries, respectively.

XES study of P1 precipitates showed that the half-
width of the main maximum of the TeLy, spectrum is
wider by 0.42 eV than the half-width registered for the
matrix. As a reference sample for the XES measure-
ments, a Pb,,Sn,,Te crystal containing large areas of
a Teyy,Sn, 4 Pby s eutectic was used. The considered
half-width for the P1 precipitates was the same as for
the (PbSn)Te crystal. A value larger by 0.56eV than
for the SnTe matrix was ascertained for the P2
precipitates and in the case of the Te(Sn, Pb) eutectic,
Furthermore, a curvature in the low energy side of the
spectrum of the P1 precipitates, at a distance of 5.6eV
from the main maximum position, was found.

5. Discussion

Assuming that the matrix lying under the thin pre-
cipitates has an influence on the results obtained,
the contribution of tin can be removed. Taking into
account the mass absorption coefficient for Snla
radiation, 455cm’g ' in Te and 895c¢cm’g ' in Gd, as
well as that of the TeLx radiation, 415cm’g ™' in Te
and 701cm?g " in Gd [11], the 2 at % contribution of
tellurium should also be removed from the incident
results. Then, the results devoid of the matrix
influence would be as follows: GdgssTeges for the
P1 precipitates (Te/Gd concentration ratio = [.857)
and GdyTey,, for the P2 precipitates (Gd/Te
concentration ratio = 7.33).

Figure 2 X-ray maps of (a) gadolinium, (b} tin and (c) tellurium
distributions on the (1 00) oriented surface of an SnTe: Gd sample.




The results obtained suggest that the component of
the P1 precipitates is most probably Gd,Te,,, or
GdTe, ,. An analogy with the La-Te compounds
shows that the melting point for the Gd,Te,., phase
is higher than for GdTe, , [12, 13]. Thus, the first
phase is more probable. Eutectics rich in tellurium are
also possible. Therefore, finally the composition of the
P1 precipitates can be written Gd,Te, + Te,;Gd,,.
This gives the required proportion 1.857 between
tellurium and gadolinium. Similarity to the Pr-Se
compounds was also taken into consideration. As
‘reported by Kost ef al. [12], the eutectic rich in
gadolinium usually contains about 7 to 9at% Te.
Assuming that for the Gd-Te system such behaviour
is valid for the P2 precipitates, the sum shown below
can be applied:

Gdy g3 Tegg; + TepsCdy,y

where the eutectic rich in tellurium also appears, as the
common system for both precipitate types.

Following an earlier work [6], the model of the
occupancy of the vacancies connected with the
1.5at% Sn in SnTe material by gadolinium may be
taken into consideration. However, the detection of
about 4at % Gd indicates the need to consider an
additional interaction mechanism of gadolinium with
the SnTe lattice. It has been proposed [6, 8] that the
solid solution of the (SnTe), _ ~(GdTe), type describes
this interaction. SnTe and LnTe belong to compounds
with the Pm3m structure type (NaCl type). The lattice
constant of each LnTe is close to the SnTe lattice
constant [14]. Therefore, such a solid solution seerns
reasonable. On the other hand, to link the suggestion
about the location of gadolinium with the presence of
the Pl and P2 precipitates we propose that the
2.5at % excess gadolinium above the amount located
in the tin vacancies could be treated as submicrometric
precipitates of the Gd, Te, phase. This phase has a
melting point lower than that of the GdTe phase [12].
The Gd,Te, phase, similar to the Dy, Te; compound,
should have the P4/mbm tetragonal structure [14]. For
the Ln,Te, compounds, the ¢/a ratio of the lattice
parameters is larger than 2.0. If this alternative model
is valid, the (100) planes should be treated as nucleus
planes for the tetragonal phase. The shape of the
precipitates observed is in good agreement with the
model proposed. Segregation of these precipitates
could be compared to the increase of the gadolinium
concentration at the grain boundaries.

Taking into account the width of the 2s shell of
tellurium, 2.5eV [15], and the partial density of state
of SnTe [1], the width of the 5p tellurium contribution
in the P1 precipitates density of state at the top of the
valence was ascertained to be 3.0eV. For the P2
precipitates the 5p shell width was estimated to be
3.2¢V. The curvature at 5.6eV in the lower energy
part of the Ly, spectrum of tellurium in the case of the

Pl precipitates is caused by the cross transition 4f
electrons of gadolinium to the 2s shell of teilurium.
This transition confirms the phase character of the P1
precipitates. Similarity between the character of the
Tely, spectrum revealed for the P2 precipitates and
the Te(Pb, Sn) cutectic strongly indicates the eutectic
character of the P2 precipitates.

The results obtained allow us to conclude that
doping of SnTe with up to 1.8 wt % Gd leads to the
appearance of precipitates enriched with gadolinium.
One type of these precipitates consists mainly of the
Gd,Te; phase and the second one contains mainly of
the Gdge;Teg e, cutectic. Both types of precipitate also
contain the Te,3Ge,, eutectic,
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